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A Coat of Filamentous Actin Prevents Clustering
of Late-Endosomal Vacuoles in Vivo
motility [13], the uptake of particles [14] and fluid [15],
the progression of endocytic cargo from acidic to neutral
compartments [16], and its subsequent exocytosis [10].
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which completely abolishes endocytic transit for at least34132 Kassel
Germany 2 hr, to conduct the subsequent experiments.
We observed that neutral endosomal vacuoles aggre-
gate in latrunculin-treated, living cells (Figure 1B),
whereas acidic endosomes remain dispersed underSummary
these conditions. A quantitative analysis of n 464 cells
revealed that after 2 hr in the presence of the drug,The endocytic pathway depends on the actin cytoskel-
eton. Actin contributes to internalization at the plasma 89.7%  12.5% of the cells showed clusters of three or
more vacuoles, whereas only 25.1%  12.2% (n  462)membrane [1, 2] and to subsequent trafficking steps
like propulsion through the cytoplasm [3, 4], fusion of of untreated cells (Figure 1C) were counted positive
when applying the same criteria.phagosomes with early endosomes [5], and transport
from early to late endosomes [6, 7]. In vitro studies with The A and B isoforms of vacuolin are specific protein
markers for late, neutral endosomes in Dictyosteliummammalian endosomes and yeast vacuoles implicate
actin in membrane fusion [8, 9]. Here, we investigate ([16], see the Supplemental Data available with this arti-
cle online). Using a fusion of vacuolin A to the greenthe function of the actin coat that surrounds late endo-
somes in Dictyostelium [10]. Latrunculin treatment fluorescent protein (GFP), we repeated the latrunculin
treatment (Figures 1D and 1E) and fixed the cells at 15-leads to aggregation of these endosomes into grape-
like clusters and completely blocks progression of en- min intervals and counted the fraction of cells containing
aggregated green vacuoles. Aggregated endosomesdocytic marker. In addition, the cells round up and
stop moving. Because this drug treatment perturbs all were found to increase from a basal value of about 5%
to over 35% in the cells challenged with the drug (Figureactin assemblies in the cell simultaneously, we used
a novel targeting approach to specifically study the 1F). The decreased basal level in this experiment, as
compared to the 25.1% seen above, is due to the factfunction of the cytoskeleton in one subcellular loca-
tion. To this end, we constructed a hybrid protein tar- that vacuolin labels only a subset of the neutral endo-
somes in the cell [16]. In addition, it is most likely thatgeting cofilin, an actin depolymerizing protein, to late
endosomes. As a consequence, the endosomal com- the true value for drug-treated cells with aggregated
vacuoles is much higher than 35%, since cells with thepartments lost their actin coats and aggregated, but
these cells remained morphologically normal, and the strongest drug effect round up, detach, and are prefer-
entially lost during washing steps. Vacuole agglutinationkinetics of endocytic marker trafficking were unal-
tered. Therefore, the actin coat prevents the clustering is readily reversible, and dissociation has a half time of
about 20 min after the drug has been removed (Figureof endosomes, which could be one safeguard mecha-
nism precluding their docking and fusion. 1F). Because it takes over 1 hr before the maximum of
vacuole aggregation is achieved, it may well be that the
actin coat anchors the endosomes and restricts theirResults and Discussion
mobility; when they lose their coat, they aggregate after
oscillatory motion and random collisions. In conclusion,In Dictyostelium amoebae, F-(filamentous) actin is
an intact F-actin cytoskeleton is required to keep late,mainly distributed as a thin layer around the circumfer-
neutral endosomes of Dictyostelium in a dispersed state.ence of the cells. Areas within this cortex that are dy-
Although it is conceivable that it is the actin coat sur-namic, like the leading edge of a moving cell, or the sites
rounding the late vacuoles that prevents their aggrega-in which phagocytosis or macropinocytosis occurs, are
tion, no direct proof can be obtained from drugs affect-characterized by a dense actin meshwork. In addition,
ing the actin cytoskeleton in all locations of the cell.late, neutral endosomes, but not early, acidic ones, are
In order to interfere with the function of the endosomalsurrounded by a coat of F-actin that is clearly seen
actin coat more specifically, we constructed a hybridby staining cells with phalloidin ([10]; see below) and
protein consisting of vacuolin A, for targeting to the late-accumulate various proteins, like coronin [10], SCAR
endosomal compartment, and an actin depolymerizing[11], and Arp2/3 [12], that regulate F-actin. In cells treated
unit, namely, cofilin. Endogenous cofilin localizes to thewith drugs that affect the actin cytoskeleton, all dynamic
cortical actin cytoskeleton but has not been observedprocesses are abolished: cytochalasin A inhibits cell
in late-endosomal structures [17–19]. From GFP fusions
it was clear that cofilin tolerated blockage of its N termi-*Correspondence: maniak@uni-kassel.de
1These authors contributed equally to this work. nus [18], whereas vacuolin A would allow a fusion to its
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C terminus (see Figure 1E). In contrast, an N-terminal
fusion of GFP to vacuolin A aggregates in the cell [10].
We refrained from using vacuolin B because the corre-
sponding mutant shows severe defects in the endocytic
pathway, whereas vacuolin A function is dispensable to
the cell [16]. For identification of the hybrid protein, we
included the myc-epitope between the two functional
units; the myc-epitope also serves as a flexible linker
and may give some freedom to each of the constituents.
A plasmid construct encoding the vacuolin A-myc-
cofilin (VMC) fusion protein (see the Experimental Proce-
dures) was transformed into Dictyostelium cells, and
more than ten independent clones were selected. Using
the 9E10 antibody to detect the hybrid protein by immu-
nofluorescence, it became apparent that clustered vac-
uoles are the predominant feature of VMC-expressing
clones (Figure 2A): they amount to 88.8%  0.7% (n 
786 cells), whereas endosome aggregation is observed
in only 6.2%  1.5% of over 1000 vacuolin A-GFP-
expressing cells. These figures are in good agreement
with the effects that can be produced by latrunculin
treatment of living cells (see above). One major differ-
ence between drug-treated cells and VMC-expressing
cells is that the former round up and cease motile activi-
ties, whereas, in the latter, the effect is limited specifi-
cally to the vacuoles and cells show otherwise normal
amoeboid morphology. Clusters are dynamic structures.
They transiently accommodate individual neutral endo-
somes, but they do not move over great distances as
a whole (see the Supplemental Data).
Counterstaining VMC-expressing cells to visualize
F-actin revealed that vacuoles carrying the fusion pro-
tein (Figure 2B) were devoid of a cytoskeletal coat (Fig-
ure 2D). Accordingly, vacuoles lacking an actin coat
aggregate to form huge clusters within the cell, whereas
endosomal compartments are typically dispersed in the
strain expressing vacuolin A-GFP (Figure 2C). Vacuoles
bearing a partial actin coat sort out and remain in the
periphery of the cluster (Figure 2F), and vacuoles that
are completely surrounded by a thin layer of actin remain
separate even within the same cell (data not shown). It
is important to emphasize that the GFP moiety fused to
the C terminus of vacuolin A does not interfere with the
formation of an actin coat around the endosome (Figure
2E). Therefore, the loss of the endosomal actin coat in
VMC-expressing cells is not merely a consequence ofFigure 1. Latrunculin Treatment Blocks Endocytic Transit and
sterical hindrance, but rather a result of the actin sev-Leads to the Reversible Aggregation of Late, Neutral Endosomes
ering and depolymerizing activity of targeted cofilin.(A) Cells received a 15-min pulse of TRITC-labeled dextran as a fluid-
Next, we investigated the effect of vacuole aggrega-phase marker and were subsequently treated with concentrations of
0.1 M (yellow), 1 M (orange), and 10 M (red) latrunculin A or B. tion on the progression of a marker along the endocytic
Cells that received the solvent only (blue) served as controls. Sam- pathway, but we did not find any significant difference
ples were withdrawn every 15 min, and intracellular fluorescence in the time required for transit (Figure 2H). Therefore, it
was recorded. The curves connect the mean values of n  5 experi-
ments for latrunculin A, where error bars represent the mean  SD,
and n  2 experiments for latrunculin B, where the individual data
points are shown. wide. The cell in (E) was untreated, and the cell in (D) received
(B and C) Confocal sections (66 m wide) through living cells in a 10 M latrunculin B for 2 hr.
pH-sensitive mixture of TRITC-labeled and FITC-labeled dextrans. (F) Kinetics of vacuole aggregation and dispersal. Cells expressing
Red vesicles represent acidic endosomes, whereas yellow vesicles vacuolin A-GFP were treated with latrunculin B (red curve), fixed at
are neutral compartments. Cells in (B) were treated with latrunculin 15-min intervals, and examined by fluorescence microscopy. Cells
B for 2 hr, while cells in (C) served as controls. The arrows point to were scored positive if they contained three or more vacuoles in a
cells with clustered endosomes. cluster. After 2 hr, the drug was withdrawn and the experiment
(D and E) Confocal sections through fixed cells expressing a vacuolin was repeated (blue curve). Untreated cells subjected to the same
A-GFP fusion (green) to label late-endosomal compartments over- protocol served as controls (pink and light-blue curves). For every
laid with a transmission image (gray) of the cell. Frames are 14 m time point, more than 200 cells (298 on average) were counted.
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Figure 2. Endosomal Targeting of Cofilin Destroys the F-Actin Coat and Leads to Vacuole Aggregation without Affecting Kinetics of Endocytic
Transit
(A–G) (A) A field (66 m wide) of about 10 vacuolin A-myc-cofilin (VMC) hybrid-expressing cells stained with mAb 9E10 to detect the myc-
epitope in the confocal microscope. (B, D, and F) Single confocal plane of a cell expressing VMC stained with mAb 9E10 (B) showing aggregated
vacuoles that are devoid of actin coats (arrow in [D]). The phalloidin staining (red) also reveals vacuoles partially coated with actin that remain
at the periphery of the aggregate (arrowhead in the overlay [F]). (C, E, and G) Confocal section through a cell expressing a vacuolin A-GFP
fusion (C), stained with TRITC-coupled phalloidin (E). (G) The overlay shows spatial coincidence of F-actin (red) and vacuolin A-GFP (green)
in all vacuoles and their dispersed state in the cytoplasm. Frames in (B)–(G) are 16 m wide.
(H) The transit of fluid-phase marker (as measured in Figure 1A) in VMC-expressing cells (red) and the wild-type strain (blue). The curves are
fitted to the mean values of n  4 experiments, and error bars are mean  SD.
has to be concluded that the main role of the endosomal doubling the transit time of endocytic marker [16]. Since
vacuole association is a prerequisite to vacuole fusion,actin coat at this stage of the pathway is to keep the
late vacuoles separated and distributed throughout the the actin coat and the vacuolin protein act at sequential
steps to prevent interactions of neutral, endosomal vac-cell.
The first possible function of the actin coat could uoles.
A second possibility could be that the dispersion ofbe to avoid uncontrolled vesicle fusion. A number of
proteins contributing to the efficiency of endosome- the organelles throughout the cell body is advanta-
geous. Dispersion of mitochondria, which fails in theendosome fusion have been identified in Dictyostelium.
Among these are positive regulators like rabD [20], phos- Dictyostelium cluA mutant, could keep the levels of ATP
homogeneous throughout the cell [25]. Organelles thatphatidylinositol-3-kinase [21], protein-kinase B [21], and
the possible tethering protein rtoA [22]. All of them influ- are present in only a few copies per cell, like the vacuole
in Saccharomyces cerevisiae [26], the Golgi apparatusence the kinetics of the endocytic pathway in one step or
another (reviewed in [23]). LvsB and vacuolin B encode in mammalian cells [27], or the contractile vacuole sys-
tem in Dictyostelium [28, 29], follow elaborate pathwaysnegative regulators of endosome fusion. Cells lacking
the corresponding proteins show reduced numbers and of disassembly, distribution, and reformation during the
cell cycle. These mechanisms ensure that the daughterincreased size of acidic or neutral endosomes, respec-
tively [16, 24]. In kinetic measurements that determined cells are equipped with an equivalent set of essential
organelles. Recent studies on the behavior of endo-the time required from endocytosis to exocytosis, the
vacuolin B mutant reveals a delay of about 1 hr, almost somes and lysosomes during cell division have revealed
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hybrid protein before it can be suggested for wider appli-
cation: in principle, a hybrid protein consisting of an
endosomal component and a cytoskeletal part has two
conflicting interests concerning its localization. The VMC
protein localizes to vacuolar structures rather than to
the cortical cytoskeleton (Figures 2A and 2B), and this
localization pattern indicates that the targeting affinity
of vacuolin predominates. In a clone expressing VMC
at higher levels (Figure 3A), staining of the cell cortex is
observed in addition to the vacuolar labeling (Figure 3B)
and indicates that excess fusion protein localizes to the
F-actin cytoskeleton. To prove that this localization is
caused by the cofilin moiety of the fusion protein, we
constructed a control strain, expressing myc-tagged
cofilin (MC, Figure 3A). MC accumulates in regions of the
dynamic cortex only (Figure 3C). Staining endogenous
vacuolin in order to monitor the late-endosomal com-
partment in this strain reveals that vacuoles are dis-
persed (Figure 3D) like in the wild-type cells used as a
control above.
To address whether excessive VMC expression af-
fects early actin-dependent stages of the endocytic
pathway, we measured the efficiency of phagocytosis.
Cells expressing VMC at a moderate level internalize
particles at a rate similar to the wild-type strain. In strains
expressing an increased level of VMC, phagocytosis
drops slightly below wild-type rates (Figure 3E). We pro-
pose that this mild effect is due to the redistribution of
excess VMC to the cell cortex, because cells expressing
MC only behave the same way (Figure 3E). Indeed, en-
dogenous cofilin localizes to sites where particles are
internalized [18], and the same authors stated earlier
that its overexpression does not obviously affect phago-
cytosis [32].
Figure 3. Effects of VMC-Hybrid Overexpression In conclusion, our experiments with hybrid proteins
(A) Western blot with mAb 9E10 to demonstrate the moderate ex- suggest a means to independently investigate the func-
pression level of the VMC protein in clone A14, lane 2 (see Figure
tions of the actin cytoskeleton in different locations of2F), and overexpression in clone A5, lane 3 (see Figure 3B). Wild-
the cell, provided that the effect of the individual compo-type cells (lane 1) and a clone expressing a myc-tagged cofilin (MC,
nents is known and special care is taken to control thelane 4) served as controls. An antibody directed against coronin (COR),
mAb 176-3-6, indicates approximately equal loading of the gel. expression levels of these bifunctional probes.
(B) A confocal section through a cell from the VMC-overexpressing
strain stained with mAb 9E10 for the presence of the hybrid protein.
Experimental ProceduresNote the massive accumulation of VMC in the cell cortex in addition
to the vacuolar labeling.
To construct vacuolin A-GFP, a PCR reaction was performed on(C) Cells expressing only MC show cortical labeling but lack vacuolar
the vacuolin A cDNA [10] by using primers that create a BglII sitestaining.
upstream of the initiation codon and a BamHI site at the C terminus(D) The presence of myc-tagged cofilin alone does not affect the
of the encoded molecule, eliminating the stop codon. The PCRdispersed state of vacuoles, as revealed by staining for endogenous
product was cloned into pA15-GFP [33] by using the above restric-vacuolin by mAb 264-79-2. (B)–(D) are 18 m wide.
tion enzymes, and cloning produced an in-frame fusion between(E) Kinetics of particle uptake in clones expressing low (open
vacuolin A and GFP.squares) or high (closed squares) levels of VMC protein as compared
For the assembly of myc-tagged proteins, the myc epitope wasto wild-type cells (circles) and cells expressing MC only (triangles).
back-translated into DNA sequence, adapted to Dictyostelium co-The curves represent the mean values of n  5 experiments. Values
don usage, and synthesized in the form of two complementaryand corresponding standard deviations for the 45-min value are
39-mer oligonucleotides. After annealing to form a double strand39.3% 2.9% (wild-type), 37.7%  1.8% (low VMC), 27.1%  7.4%
with a 5 CTAG overhang, the product was inserted into the XbaI(high VMC), and 31.0%  4.6% (MC). At most of the other time
cleavage site of pIC20R (assembled from pUC19 [34] and pIC7 [35]points, low VMC and wild-type do not differ significantly from high
by F. Pfeiffer).VMC and MC.
The cofilin sequence was amplified by PCR on genomic DNA by
using HindIII-flanked primers. The 5 primer eliminated the intron
that is located between the first and second amino acids of cofilinthat the mitotic spindle contributes to their distribution
[17]. The product was inserted into the HindIII-digested pIC20R inin mammalian cells [30, 31], but for Dictyostelium, these
frame with the myc-epitope to yield pIC-myc-COF.questions require further investigation.
The fragment comprising the myc-cofilin was isolated after cutting
In more technical terms, our approach, which allows with BamHI and BglII and was inserted into the BamHI site located
the localized manipulation of the actin cytoskeleton, re- between the vacuolin A and GFP genes within pA15-vacuolinA-
GFP to produce pVMC, so that the resulting fusion protein vacuolinquires some knowledge about the components of the
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